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ABSTRACT 

A s i n g l e - s t a g e  i n v e s t i g a t i o n  of a s l o t t e d  r o t o r  was conducted  a s  p a r t  

o f  a n  o v e r a l l  program t o  e v a l u a t e  the  e f f e c t  o f  s l o t s  on t h e  per formance  

of h i g h l y  loaded  compressor  r o t o r  and s t a t o r  b l a d e  rows. The t e s t  r o t o r  

b l a d e s  f o r  t h i s  i n v e s t i g a t i o n  were 6 5 - s e r i e s  a i r f o i l s  h a v i n g  a c a l c u l a t e d  

u n s l o t t e d  t i p  D - f a c t o r  l o a d i n g  o f  0.465 and t i p  r e l a t ive  i n l e t  Mach number 

o f  0 . 7 7 2  a t  a r a d i a l  s t a t i o n  10% of t h e  span from t h e  b l a d e  t i p .  F o r  d e s i g n  

e q u i v a l e n t  r o t o r  s p e e d ,  t h e  s l o t t e d  r o t o r  a c h i e v e d  a maximum a d i a b a t i c  

e f f i c i e n c y  o f  93.4% and a c o r r e s p o n d i n g  p r e s s u r e  r a t i o  o f  1.33. 
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SECTION I 
SUMMARY 

A s i n g l e - s t a g e  i n v e s t i g a t i o n  of a s l o t t e d  r o t o r  w a s  conducted  a s  p a r t  

o f  a n  o v e r a l l  program t o  eva lua te  t h e  e f f e c t  o f  s l o t s  on t h e  per formance  

o f  h i g h l y  loaded  compressor  r o t o r  and s t a t o r  b l a d e  rows. The t e s t  r o t o r  

b l a d e s  w e r e  6 5 - s e r i e s  a i r f o i l s  and had a c a l c u l a t e d  u n s l o t t e d  b l a d e  D - f a c t o r  

l o a d i n g  o f  0.465 and a r o t o r  i n l e t  r e l a t i v e  Mach number o f  0.772 a t  a 

r a d i a l  s t a t i o n  10% o f  t h e  s p a n  from t h e  b l a d e  t i p .  The r o t o r  b l a d e s  were 

s l o t t e d  a t  a p p r o x i m a t e l y  50% chord;  t h e  s l o t s  ex tended  from 5 t o  45% span  

from t h e  t i p ,  and from 50 t o  90% span i n  e a c h  b l a d e .  The s i n g l e - s t a g e  r i g  

had a h u b l t i p  r a t i o  o f  0 . 8 ,  and t h e  r o t o r  t i p  d i a m e t e r  w a s  a b o u t  40 i n .  

The r o t o r  b l a d e s  had a c o n s t a n t  chord l e n g t h  o f  2 .21  i n . ,  a n  a s p e c t  r a t i o  

o f  1 . 7 1  and s o l i d i t y  o f  1 . 1 5  a t  the  mean r a d i u s .  

w a s  987 f p s .  

Des ign  r o t o r  t i p  v e l o c i t y  

F o r  d e s i g n  e q u i v a l e n t  r o t o r  speed ,  t h e  s l o t t e d  r o t o r  a c h i e v e d  a maximum 

a d i a b a t i c  e f f i c i e n c y  o f  93.4%, and a c o r r e s p o n d i n g  p r e s s u r e  r a t i o  o f  1.33 .  

The measured D - f a c t o r  v a l u e s  c o r r e s p o n d i n g  t o  maximum e f f i c i e n c y  f low c o n d i -  

t i o n s  were a p p r o x i m a t e l y  0 .54  a t  the  hub and t i p  and 0.47 a t  midspan.  

Measured d e v i a t i o n  a n g l e s  were e s s e n t i a l l y  t h e  same as  t h e  p r e d i c t e d  un- 

s l o t t e d  b l a d e  d e v i a t i o n  a n g l e s  i n  t h e  hub and  t i p  r e g i o n s  and a p p r o x i m a t e l y  

2 d e g r e e s  lower  t h a n  t h e  p r e d i c t e d  d e v i a t i o n  a n g l e  a t  midspan. Measured 

l o s s  c o e f f i c i e n t  w a s  less  t h a n  t h e , p r e d i c t e d  u n s l o t t e d  b l a d e  l o s s  c o e f f i c i e n t  

a t  7 0  and 50% span  l o c a t i o n s ,  and w a s  g r e a t e r  t h a n  t h e  p r e d i c t e d  l o s s  a t  

30 and 10% s p a n .  

Comparison o f  t h e  s l o t t e d  r o t c r  l o s s  and D - f a c t o r  l o a d i n g  c h a r a c t e r -  

i s t i c s  f o r  h i g h  i n c i d e n c e  c o n d i t i o n s  w i t h  c o r r e l a t e d  NASA r o t a t i n g  c a s c a d e  

minimum l o s s  i n c i d e n c e  d a t a  i n d i c a t e s  t h a t  t h e  s l o t  c o n f i g u r a t i o n  f o r  t h i s  

i n v e s t i g a t i o n  w a s  e f f e c t i v e  i n  the achievement  o f  l o s s  l eve l s  e q u a l  t o  o r  

less  t h a n  t h o s e  i n d i c a t e d  by t h e  NASA d e s i g n  c u r v e s  f o r  D - f a c t o r  l o a d i n g  

from 0 .62  t o  0 . 7 2 .  

I- 1 
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SECTION I1 
INTRODUCTION 

P r a t t  & Whitney A i r c r a f t  i s  engaged i n  a program under  NASA Con- 

t r a c t  NAS3-7603 t o  i n v e s t i g a t e  t h e  a p p l i c a t i o n  o f  s l o t s  t o  r o t o r s  and 

s t a t o r s .  A s y s t e m a t i c  i n v e s t i g a t i o n  i s  b e i n g  conducted  t o  e s t a b l i s h  t h e  

f e a s i b i l i t y  and e x t e n t  t o  which s l o t t e d  b l a d e  c o n c e p t s  can  be used t o  i n -  

crease a l l o w a b l e  b l a d e  l o a d i n g s  and t h e  s t a b l e  o p e r a t i n g  r a n g e  o f  compressor  

s t a g e s .  To a c c o m p l i s h  t h i s  o b j e c t i v e ,  t h r e e  s t a t o r  b l a d e  rows and t h r e e  

r o t o r  b l a d e  rows have  been b u i l t  f o r  t e s t .  T e s t s  w i t h  s t a t o r s  u s e  a r e p r e -  

s e n t a t i v e  s t a t e - o f -  t h e - a r t  r o t o r  t o  g e n e r a t e  t h e  s t a t o r  i n l e t  f l o w .  

An aerodynamic  a n a l y s i s  and d e s i g n  of t h e  t e s t  b l a d i n g  and a s s o c i a t e d  

hardware  were accompl ished  u n d e r  t h e  d e s i g n  phase  o f  t h e  program (Refer -  

e n c e  1 ) .  A l l  r o t o r s  and s t a t o r s  were d e s i g n e d  w i t h  t h e  same r o t o r  ex i t  

and s t a t o r  i n l e t  a b s o l u t e  v e l o c i t i e s  and a i r  a n g l e  d i s t r i b u t i o n s  t o  p e r m i t  

t e s t i n g  o f  any  combina t ion  o f  r o t o r  and s t a t o r .  I t  w a s  assumed,  f o r  d e s i g n  

p u r p o s e s ,  t h a t  t h e  f low d e v i a t i o n  a n g l e  f o r  s l o t t e d  r o t o r s  and s t a t o r s  would 

be a p p r o x i m a t e l y  o n e - h a l f  t h e  v a l u e s  n o r m a l l y  used f o r  u n s l o t t e d  b l a d e s .  

A s  p a r t  o f  t h e  d e s i g n  e f f o r t ,  a series o f  a n n u l a r  c a s c a d e  t e s t s  w i t h  s l o t t e d  

s t a t o r s  w a s  conducted  t o  e s t a b l i s h  p r e l i m i n a r y  c r i t e r i a  f o r  t h e  d e s i g n  o f  

s l o t t e d  r o t o r s  and s t a t o r s  f o r  t h e  r o t a t i n g  s t a g e  t e s t  program (Reference  2 ) .  

T h i s  r e p o r t  p r e s e n t s  t h e  d a t a  and performance r e s u l t s  o b t a i n e d  w i t h  

t h e  f i r s t  s l o t t e d  r o t o r  c o n f i g u r a t i o n  (Rotor  1).  R o t o r  1 b l a d i n g  w a s  

d e s i g n e d  w i t h  6 5 - s e r i e s  a i r f o i l  s e c t i o n s  and had c a l c u l a t e d  d e s i g n  t i p  

v a l u e s  o f  D - f a c t o r  l o a d i n g  and i n l e t  r e l a t i v e  Mach number ( w i t h o u t  s l o t s )  

o f  0 .465 and 0 .772 ,  r e s p e c t i v e l y .  The r o t o r  b l a d e s  were s l o t t e d  a t  a p p r o x i -  

m a t e l y  50% c h o r d ;  t h e  s l o t s  ex tended  from 5 t o  45% s p a n ,  and from 50  t o  90% 

s p a n  i n  e a c h  b l a d e .  A set  o f  i n l e t  g u i d e  vanes  w a s  used t o  e s t a b l i s h  t h e  

w h i r l  d i s t r i b u t i o n  i n t o  t h e  t e s t  r o t o r .  One o f  t h e  t e s t  s t a t o r  c o n f i g u r a -  

t i o n s ,  p r i o r  t o  s l o t t i n g ,  w a s  employed t o  remove some o f  t h e  e x i t  s w i r l .  

A se t  o f  e x i t  g u i d e  v a n e s  w a s  used t o  remove t h e  remainder  o f  t h e  e x i t  

s w i r l .  

11- 1 
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O v e r a l l  per formance  and b l a d e  e lement  d a t a  w e r e  o b t a i n e d  a t  5 0 ,  7 0 ,  

90 ,  100,  and 110% o f  t h e  d e s i g n  e q u i v a l e n t  r o t o r  s p e e d .  Blade  e l e m e n t  d a t a  

were o b t a i n e d  a t  f i v e  r a d i a l  l o c a t i o n s  behind  each  o f  t h e  t h r e e  b l a d e  

r o w s ,  and r o t a t i n g  s t a l l  measurements were o b t a i n e d  a t  e a c h  o f  t h e  f i v e  

r o t o r  speed c o n d i t i o n s .  Rotor  wake s u r v e y s  a t  f i v e  spanwise  l o c a t i o n s ,  

u s i n g  a h o t - f i l m  anemometer,  were o b t a i n e d  a t  choke ,  n e a r - s t a l l ,  and 

a p p r o x i m a t e l y  maximum e f f i c i e n c y  f low c o n d i t i o n s  a t  e a c h  r o t o r  s p e e d .  

D e t a i l s  o f  t h e  t e s t  equipment ,  p r o c e d u r e s ,  and t e s t  r e s u l t s  f o r  

t h e  s l o t t e d  R o t o r  1 t e s t  c o n f i g u r a t i o n  are  p r e s e n t e d  i n  t h i s  r e p o r t .  

Some d e s i g n  d e t a i l s  a re  a l s o  i n c l u d e d  h e r e i n  f o r  convenience .  R e f e r e n c e  1 

g i v e s  f u r t h e r  aerodynamic and mechanical  d e s i g n  i n f o r m a t i o n .  

11-2 
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SECTION 111 
TEST E Q U I  PMENT 

A .  FACILITY 

The compressor  t e s t  f a c i l i t y  i s  shown s c h e m a t i c a l l y  i n  f i g u r e  I I I - 1 ; k .  

The compressor  r o t o r  i s  powered by a s i n g l e - s t a g e  d r i v e  t u r b i n e  u s i n g  

e x h a u s t  g a s e s  from a 575 s lave e n g i n e .  The d r i v e  t u r b i n e  speed  i s  

r e g u l a t e d  by a h y d r a u l i c a l l y  a c t u a t e d  i n l e t  f l o w  c o n t r o l  v a l v e .  The 

slave e n g i n e  e x h a u s t  i s  a l s o  used t o  d r i v e  a two-s tage  e x h a u s t - e j e c t o r  

s y s t e m ,  

A i r  e n t e r e d  t h e  compressor  t e s t  r i g  through a 1 0 3 - f t  combined i n l e t  

d u c t ,  plenum, and be l lmouth  i n l e t ,  and e x h a u s t e d  t h r o u g h  a n  e x i t  d i f f u s e r  

t o  t h e  a t m o s p h e r e .  A 7-deg d i f f u s e r  i n  f r o n t  o f  t h e  i n l e t  plenum e n s u r e d  

u n i f o r m  f l o w  c o n d i t i o n s  a c r o s s  t h e  plenum, and an a r e a  c o n t r a c t i o n  r a t i o  

f rom plenum t o  compressor  i n l e t  of a p p r o x i m a t e l y  1 O : l  p rovided  e s s e n t i a l l y  

s t a g n a t i o n  c o n d i t i o n s  i n  t h e  plenum. The i n l e t  d u c t  and plenum were 

mounted on a t r a c k  and c o u l d  b e  r o l l e d  away from t h e  compressor  r i g  i n l e t  

t o  f a c i l i t a t e  c o n f i g u r a t i o n  changes.  The plenum w a s  s e a l e d  t o  t h e  com- 

p r e s s o r  r i g  i n l e t  s e c t i o n  w i t h  a n  i n f l a t a b l e  r u b b e r  t u b e  s e a l .  

B . COMPRESSOR TEST R I G  

The compressor  r i g ,  shown i n  f i g u r e  1 1 1 - 2 ,  c o m p r i s e s  b e l l m o u t h  i n l e t ,  

t e s t  s e c t i o n ,  and e x h a u s t  s e c t i o n .  The t e s t  s e c t i o n  h a s  a h u b / t i p  r a t i o  

of  0 .8  and a r o t o r  t i p  d i a m e t e r  of a p p r o x i m a t e l y  40 i n .  The r o t o r  

assembly  and s h a f t  a r e  s u p p o r t e d  on two b e a r i n g s  t h a t  t r a n s m i t  l o a d s  

t o  t h e  o u t e r  case through s t r u t s  l o c a t e d  i n  t h e  i n l e t  and e x h a u s t  c a s e  

a s s e m b l i e s .  The t e s t  s e c t i o n  h a s  a s p l i t  o u t e r  c a s e  t h a t  p e r m i t s  g u i d e  

v a n e ,  r o t o r ,  and s t a t o r  assembly  changes w i t h o u t  removing t h e  r i g  from 

t h e  t e s t  s t a n d .  A se t  o f  motor -dr iven  t h r o t t l e  v a n e s  i s  l o c a t e d  i n  t h e  

e x h a u s t  case t o  v a r y  f low rate.  

9 : A l l  i l l u s t r a t i o n s  will be found i n  S e c t i o n  V I I .  
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A s e c t i o n  view o f  t h e  f low path i s  shown i n  f i g u r e  111-3 .  Flow i s  

a c c e l e r a t e d  t h r o u g h  t h e  i n l e t  s t r u t  s t a t i o n  and g u i d e  v a n e s  i n  a con- 

v e r g e n t  p a s s a g e  t o  t h e  r o t o r  i n l e t .  T h e r e a f t e r ,  t h e  i n n e r  w a l l  d i a m e t e r  

remains  c o n s t a n t  a t  32 .85  i n .  w h i l e  t h e  o u t e r  w a l l  c o n v e r g e s  f u r t h e r  

t h r o u g h  t h e  r o t o r  b l a d e  and  s t a t o r  vane rows t o  a d i a m e t e r  o f  40 i n .  I n  

g e n e r a l  , t h e  f low p a t h  i s  des igned  t o  s i m u l a t e  t h e  m i d d l e - s t a g e  e n v i r o n -  

ment o f  a s t a t e - o f - t h e - a r t  m u l t i s t a g e  compressor .  

P r o v i s i o n s  w e r e  made f o r  end wall b l e e d  a t  t h e  r o t o r  t i p  and s t a t o r  

r o o t  and t i p ,  a s  shown i n  f i g u r e  111-4. 

f o r a t e d  p l a t e  s h r o u d s ,  shroud m a n i f o l d s ,  and 24 a p p r o x i m a t e l y  e q u a l l y  

spaced  t u b e s  t o  i n d i v i d u a l  main c o l l e c t o r  m a n i f o l d s  f o r  t h e  r o t o r  and 

s t a t o r .  The c o l l e c t o r  m a n i f o l d s  exhaus ted  through t h e  f a c i l i t i e s  e j e c t o r  

sys tem.  R o t o r  and s t a t o r  b l e e d  flow rates were c o n t r o l l e d  and measured 

s e p a r a t e l y .  

Bleed a i r  f lowed t h r o u g h  per -  

C .  STAGE BLADING DESIGN 

To e x p e d i t e  t h i s  r e s e a r c h  program, t h e  aerodynamic  and  mechanical  d e s i g n  

of  t h e  b l a d i n g  w a s  comple ted  and f a b r i c a t i o n  i n i t i a t e d  p r i o r  t o  comple t ion  

of  t h e  a n n u l a r  c a s c a d e  program. F i n a l  s l o t  c o n f i g u r a t i o n s  w e r e  based on 

t h e  r e s u l t s  o f  t h e  c a s c a d e  t e s t s .  

1. I n l e t  Guide Vane 

The i n l e t  g u i d e  v a n e s  were des igned  t o  p r o v i d e  a r o t o r  p r e w h i r l  

d i s t r i b u t i o n  o f  22.8 d e g  a t  t h e  r o o t  (90% span)  t o  24 .4  deg  a t  t h e  t i p  

(10% s p a n ) .  

Detai ls  o f  t h e  g u i d e  vane d e s i g n  a r e  p r e s e n t e d  i n  t a b l e  111-1. 

NACA s e r i e s - 4 0 0  b l a d e  s e c t i o n s  were chosen  f o r  t h i s  purpose .  

2 .  R o t o r  1 

a .  Blade  Des ign  

S l o t t e d  R o t o r  1 b l a d i n g  w a s  des igned  w i t h  a camber d i s t r i b u t i o n  o f  

29 .3  d e g  a t  t h e  r o o t  (90% span)  to  1 4 . 1  d e g  a t  t h e  t i p  (10% s p a n ) .  

NACA s e r i e s - 6 5  b l a d e  s e c t i o n s  were s e l e c t e d  f o r  t h e  r o t o r  b l a d e s  because  

t h i s  ser ies  a i r f o i l  h a s  a d e q u a t e  t h i c k n e s s  f o r  s l o t s  , s u i t a b l e  l o a d i n g  

d i s t r i b u t i o n ,  and i s  c a p a b l e  o f  o p e r a t i n g  i n  t h e  r e q u i r e d  Mach number 

range  (Mtip = 0 . 8 ) .  

would r e d u c e  t h e  f low d e v i a t i o n  a n g l e  a p p r o x i m a t e l y  o n e - h a l f  o f  t h e  normal 

I t  w a s  assumed, f o r  d e s i g n  p u r p o s e s ,  t h a t  s l o t s  

111-2 
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v a l u e s .  S l o t t e d  r o t o r  b l a d e  t r a i l i n g  edge metal a n g l e s  were e s t a b l i s h e d  

i n  a c c o r d a n c e  w i t h  t h i s  assumpt ion .  

t i p  was 0.532 f o r  t h e  s l o t t e d  b l a d i n g  and 0.455 f o r  t h e  same b l a d i n g  w i t h -  

o u t  s l o t s  ( i . e . ,  w i t h  f u l l  d e v i a t i o n )  , a s  r e p o r t e d  i n  R e f e r e n c e  1. 

Design D - f a c t o r  l o a d i n g  a t  t h e  r o t o r  

Des ign  perfor inance f o r  R o t o r  1 w i t h c u t  s l o t s  was r e c a l c u l a t e d  t o  

a c c o u n t  f o r  t h e  f a c t  t h a t  measured g u i d e  vane t u r n i n g  exceeded t h e  d e s i g n  

t u r n i n g  by a p p r o x i m a t e l y  5 d e g r e e s .  The r e s u l t i n g  t i p  D - f a c t o r  and i n l e t  

r e l a t i v e  Mach number d e s i g n  v a l u e s  were a c c o r d i n g l y  m o d i f i e d  t o  0.465 and 

0 .772 ,  r e s p e c t i v e l y ,  a s  r e p o r t e d  h e r e i n .  

S o l i d i t y ,  t h i c k n e s s  r a t i o s ,  and a s p e c t  r a t i o s  f o r  t h e  s e l e c t e d  series 

a i r f o i l s  were r e p r e s e n t a t i v e  of  t h e  middle  s t a g e  of  a s t a t e - o f - t h e - a r t  

compressor .  De ta i l s  o f  t h e  r o t o r  d e s i g n  a r e  p r e s e n t e d  i n  t a b l e  111-1. 

b .  S l o t  Des ign  

R o t o r  1 s l o t  geometry and l o c a t i o n  were based on t h e  r e s u l t s  o f  p r e -  

l i m i n a r y  a n n u l a r  c a s c a d e  t es t s  of s l o t t e d  s t a t o r  vanes  and a n  a n a l y s i s  

o f  R o t o r  1 s u c t i o n  s u r f a c e  boundary l a y e r  s e p a r a t i o n  ( R e f e r e n c e s  1 and 2 ) .  

The s e l e c t e d  s l o t  geometry was s i m i l a r  t o  a p r e f e r r e d  s l o t  geometry 

d e t e r m i n e d  i n  t h e  a n n u l a r  cascade  program. B l a d e  t h i c k n e s s  a t  t h e  i n t e r -  

s e c t i o n  o f  s l o t  c e n t e r l i n e  and b l a d e  meanl ine  w a s  s e l e c t e d  as  a n  a p p r o x i -  

mate s c a l i n g  p a r a m e t e r  t o  s c a l e  t h e  s l o t  s i z e  from t h e  o v e r s i z e  ( 6 . 5 - i n .  

chord)  a n n u l a r  c a s c a d e  vanes t o  t h e  2 . 2 1 - i n .  chord R o t o r  1 b l a d i n g .  The 

a n g l e  between s l o t  c e n t e r l i n e  and b l a d e  meanl ine  w a s  h e l d  c o n s t a n t  o v e r  

t h e  R o t o r  1 b l a d e  s p a n ;  i . e . ,  t h e  s l o t  fo l lowed t h e  t w i s t  o f  t h e  b l a d e .  

The s l o t  spanwise  p o s i t i o n  and geometry v a r i a b l e s  w i t h  c o r r e s p o n d i n g  

d i m e n s i o n s  a t  r o o t ,  mean, and t i p  s e c t i o n s  a r e  p r e s e n t e d  i n  f i g u r e  111-5 .  

The s l o t  c e n t e r l i n e  i n t e r s e c t e d  t h e  b l a d e  s u c t i o n  s u r f a c e  a t  50% 

c h o r d  , a p p r o x i m a t e l y  ha l fway between t h e  minimum p r e s s u r e  p o i n t  and t h e  

c a l c u l a t e d  s e p a r a t i o n  p o i n t .  This  s l o t  l o c a t i o n  w a s  d e t e r m i n e d  under  

t h e  a n n u l a r  c a s c a d e  tests t o  be s u p e r i o r  t o  a n  a l t e r n a t i v e  l o c a t i o n  near  

t h e  s e p a r a t i o n  p o i n t .  

The r e s u l t i n g  s l o t t e d  b l a d e  c o n f i g u r a t i o n  i s  shown i n  f i g u r e  111-6 .  

111-4 
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3.  S t a t o r  

T h r e e  s t a t o r s  h a v i n g  u n s l o t t e d  r o o t  D - f a c t o r  l o a d i n g  l e v e l s  o f  0 . 5 2 ,  

0 . 6 0 ,  and 0 . 7 0  were d e s i g n e d  f o r  e v a l u a t i o n  o f  s l o t t e d  s t a t o r s  under  t h e  

c o n t r a c t  program ( R e f e r e n c e  1) . The s t a t o r s  a re  6 5 - s e r i e s  a i r f o i l  s e c t i o n s .  

The s t a t o r  h a v i n g  t h e  l o w e s t  o f  the  t h r e e  l o a d i n g  l e v e l s  ( S t a t o r  1 ,  D = 0 . 5 2 )  

w a s  s e l e c t e d  f o r  u s e  behind  t h e  s l o t t e d  r o t o r s .  Even though t h i s  s t a t o r  was 

u n s l o t t e d ,  f o r  t h e s e  t e s t s ,  i t  w a s  c o n s i d e r e d  t o  have  a n  i n c i d e n c e  range  t h a t  

would n o t  l i m i t  s l o t t e d  r o t o r  e v a l u a t i o n .  The s e l e c t e d  s t a t o r  had a con- 

s t a n t  e q u i v a l e n t  c i r c u l a r  a r c  camber o f  30  d e g  and w a s  u n t w i s t e d .  Because 

t h e  a n n u l a r  c a s c a d e  t es t  r e s u l t s  (Reference  2) i n d i c a t e d  t h a t  s l o t s  d i d  n o t  

produce  t h e  assumed d e c r e a s e  i n  d e v i a t i o n  a n g l e ,  t h e  s t a t o r  w a s  i n s t a l l e d  

behind  s l o t t e d  Rotor  1 w i t h  a b l a d e  chord  a n g l e  o f  32 deg  i n s t e a d  o f  t h e  

o r i g i n a l  d e s i g n  b l a d e  chord a n g l e  o f  37.2 d e g .  T h i s  b l a d e  chord a n g l e  w a s  

s e l e c t e d  t o  e n s u r e  t h a t  s t a t o r  minimum l o s s  i n c i d e n c e  would o c c u r  w i t h i n  

t h e  e x p e c t e d  r a n g e  o f  r o t o r  e x i t  a n g l e .  A d d i t i o n a l  d e t a i l s  o f  t h e  s t a t o r  

d e s i g n  a r e  p r e s e n t e d  i n  t a b l e  111-1. 

D .  INSTRUMENTATION 

I n s t r u m e n t a t i o n  w a s  p r o v i d e d  f o r  o v e r a l l  and b l a d e  e l e m e n t  p e r -  

f o r m a n c e  measurements f o r  each  b l a d e  row. Axial  l o c a t i o n s  o f  i n s t r u -  

m e n t a t i o n  s t a t i o n s  a r e  i n d i c a t e d  in f i g u r e  111-3, and  s c h e m a t i c s  showing 

t h e  d e t a i l e d  i n s t r u m e n t a t i o n  a t  each ax ia l  l o c a t i o n  a re  p r e s e n t e d  i n  

f i g u r e s  1 1 1 - 7  th rough 111-10. 

1. R i g  I n l e t  C o n d i t i o n s  

Weight  f l o w  w a s  measured w i t h  a n  ASME s t a n d a r d  t h i n  p l a t e  o r i f i c e  

l o c a t e d  i n  t h e  i n l e t  d u c t .  

S i x  s t a t i c  p r e s s u r e  t a p s  and s i x  t e m p e r a t u r e  p r o b e s  were l o c a t e d  

i n  t h e  plenum chamber f o r  measurement o f  i n l e t  t o t a l  p r e s s u r e  and 

t e m p e r a t u r e .  

S i x  e q u a l l y - s p a c e d  s t a t i c  p r e s s u r e  t a p s  were l o c a t e d  on b o t h  t h e  

i n n e r  and o u t e r  w a l l s  ups t ream of t h e  i n l e t  g u i d e  v a n e s  ( S t a t i o n  0 ) .  

From a r i g  c a l i b r a t i o n  o v e r  a w i d e  r a n g e  o f  w e i g h t  f l o w s ,  a c a l i b r a t i o n  

between t h e s e  s t a t i c  p r e s s u r e s  was d e r i v e d  and used t o  check  s u b s e q u e n t  

w e i g h t  f 1 ow measurements . 

C 
I 
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2 .  Guide Vane E x i t / R o t o r  I n l e t ;  S t a t i o n  1 

A s e c t i o n a l  view o f  t h e  f low pa th  a t  S t a t i o n  1 showing t h e  c i r c u m f e r -  

e n t i a l  and  r a d i a l  l o c a t i o n  o f  i n s t r u m e n t a t i o n  i s  p r e s e n t e d  i n  f i g u r e  1 1 1 - 7 .  

R o t o r  i n l e t  a i r  a n g l e  measurements were o b t a i n e d  a t  two c i r c u m f e r e n t i a l  

l o c a t i o n s  w i t h  20-dcg wedge traverse p r o b e s .  A 20- tube  wake t r a v e r s e  

p r o b e ,  a p p r o x i m a t e l y  a l i g n e d  w i t h  t h e  a v e r a g e  g u i d e  vane e x i t  a i r  a n g l e ,  

w a s  i n s t a l l e d  t o  measure g u i d e  vane wake t o t a l  p r e s s u r e  d i s t r i b u t i o n .  F o u r  

s t a t i c  p r e s s u r e  t a p s  were l o c a t e d  on both  t h e  i n n e r  and o u t e r  w a l l .  An 8-deg  

wedge traverse probe  was used  f o r  measurement o f  r a d i a l  s t a t i c  p r e s s u r e  d i s -  

t r i b u t i o n .  Redundant s t a t i c  and mid-passage t o t a l  p r e s s u r e  d a t a  were 

a v a i l a b l e  from t h e  20-deg wedge probe.  

3. R o t o r  E x i t / S t a t o r  I n l e t ;  S t a t i o n  2 

A s e c t i o n a l  view o f  t h e  f low p a t h  showing t h e  c i r c u m f e r e n t i a l  and 

r a d i a l  l o c a t i o n  o f  i n s t r u m e n t a t i o n  a t  S t a t i o n  2 i s  p r e s e n t e d  i n  f i g -  

u r e  111-8. Two 20-deg wedge t r a v e r s e  p r o b e s  were used f o r  a i r  a n g l e ,  

t o t a l  p r e s s u r e )  and t o t a l  t e m p e r a t u r e  measurements .  T h r e e  se t s  o f  K i e l  

head t o t a l  p r e s s u r e  p r o b e s  w e r e  l o c a t e d  a t  r a d i a l  p o s i t i o n s  c o r r e s p o n d i n g  

t o  30, 50, 7 0 ,  and 90% s p a n ,  and two K i e l  p r o b e s  w e r e  l o c a t e d  a t  10% s p a n .  

The p r o b e s  were c i r c u m f e r e n t i a l l y  l o c a t e d  so t h a t  e a c h  s e t  a p p r o x i m a t e l y  

a v e r a g e d  t h e  p r e s s u r e s  a c r o s s  a g u i d e  vane wake. Four  s t a t i c  p r e s s u r e  t a p s  

w e r e  l o c a t e d  on b o t h  t h e  i n n e r  and o u t e r  w a l l .  An 8-deg wedge t r a v e r s e  

probe w a s  used f o r  r a d i a l  s t a t i c  p r e s s u r e  measurement.  

4 .  S t a t o r  E x i t ;  S t a t i o n  2A 

A s e c t i o n a l  view o f  t h e  f l o w  p a t h  showing c i r c u m f e r e n t i a l  and r a d i a l  

l o c a t i o n  o f  i n s t r u m e n t a t i o n  a t  S t a t i o n  2A i s  p r e s e n t e d  i n  f i g u r e  111-9 .  

S t a t o r  e x i t  a i r  a n g l e  was measured w i t h  a 20-deg wedge t r a v e r s e  p r o b e .  

A 2 0 - t u b e  r a k e  t r a v e r s e  probe w a s  used  f o r  measurement o f  s t a t o r  vane 

wake t o t a l  p r e s s u r e  d i s t r i b u t i o n .  F o u r  s t a t i c  p r e s s u r e  t a p s  were l o c a t e d  

on b o t h  t h e  i n n e r  and o u t e r  w a l l ,  and an  8-deg wedge t r a v e r s e  probe w a s  

p r o v i d e d  f o r  r a d i a l  s t a t i c  p r e s s u r e  measurement.  

5 .  S t a t i o n  3 

S t a t i o n  3 i s  one  c h o r d - l e n g t h  f a r t h e r  from t h e  s t a t o r  e x i t  p l a n e  t h a n  

S t a t i o n  2A. I n s t r u m e n t a t i o n  a t  t h i s  s t a t i o n  ( f i g u r e  111-10) i n c l u d e d  

111- 6 
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two 20-deg wedge t r a v e r s e  p r o b e s ,  one 8-deg wedge t r a v e r s e  p r o b e ,  f o u r  

sets of  K i e l  head t o t a l  p r e s s u r e  probes a t  10 ,  30, 50 ,  70 ,  and 90% span  

l o c a t i o n ,  f o u r  s e t s  o f  Kiel head t e m p e r a t u r e  probes  a t  t h e  same f i v e  span  

l o c a t i o n s ,  and f o u r  s t a t i c  p r e s s u r e  t a p s  on b o t h  t h e  i n n e r  and o u t e r  w a l l .  

S t a g e  e x i t  t o t a l  t e m p e r a t u r e  w a s  based on t h e  K i e l  head probe  t e m p e r a t u r e  

measurements  a t  S t a t i o n  3 .  Data  o b t a i n e d  from t h e  o t h e r  i n s t r u m e n t a t i o n  

a t  t h i s  s t a t i o n  were g e n e r a l l y  used f o r  comparison w i t h  t h e  S t a t i o n  2A 

d a t a .  

6. D e s c r i p t i o n  o f  Probes  

Deta i l s  o f  t h e  20-deg and  8-deg wedge p r o b e s ,  wake p r o b e ,  and K i e l  

p r e s s u r e  and t e m p e r a t u r e  probes  are shown i n  f i g u r e  111-11. The 20-deg 

wedge p r o b e  c o n t a i n e d  s i d e  p r e s s u r e  p i c k u p s  f o r  a i r  a n g l e  measurement,  a 

t o t a l  p r e s s u r e  p i c k u p  and a t o t a l  t e m p e r a t u r e  p ickup.  

The wake p r o b e  c o n t a i n e d  20 t o t a l  p r e s s u r e  p i c k u p s  formed by 0 .042- inch  

OD hypo t u b i n g  and  spaced  as  shown i n  t h e  f i g u r e .  

7 .  I n s t r u m e n t a t i o n  Readout 

T r a v e r s e  probe  d a t a  ( t o t a l  p r e s s u r e ,  s t a t i c  p r e s s u r e ,  a i r  a n g l e ,  

t o t a l  t e m p e r a t u r e ,  and  r a d i a l  t r a v e l )  were r e c o r d e d  on magnet ic  t a p e  

a t  t h e  ra te  o f  60 samples  ( 2 . 5 - i n .  p r o b e  t r ave l )  p e r  minute .  S t e a d y - s t a t e  

p r e s s u r e  measurements were o b t a i n e d  u s i n g  a S c a n n i v a l v e  m u l t i c h a n n e l  

p r e s s u r e  t r a n s d u c e r  sys tem t h a t  i n c l u d e s  a u t o m a t i c  d a t a  r e c o r d i n g  on 

I B M  c a r d s .  K i e l  p robe  t e m p e r a t u r e s  were  i n d i c a t e d  on a p r e c i s i o n  

p o t e n t i o m e t e r ,  and manual ly  recorded .  

Plenum p r e s s u r e s ,  t h r e e  OD s t a t i c  p r e s s u r e s  a t  S t a t i o n  0 ,  pr imary  

and  b l e e d  sys tem f l o w - m e a s u r i n g - o r i f i c e  p r e s s u r e s ,  and  t h r e e  S t a t i o n  3 

midspan K i e l  p robe  p r e s s u r e s  were r e c o r d e d  on  manometer t u b e s  i n  t h e  tes t  

s t a n d  c o n t r o l  room t o  p e r m i t  s e t t i n g  t h e  d e s i r e d  f low c o n d i t i o n s .  

8.  S p e c i a l  I n s t r u m e n t a t i o n  

a .  R o t a t i n g  S t a l l  I n s t r u m e n t a t i o n  

Three  Kist ler  (601A) p r e s s u r e  t r a n s d u c e r s  were i n s t a l l e d  a t  S t a t i o n  2 

f o r  r o t a t i n g  s t a l l  measurement ( f i g u r e  111-8). T r a n s d u c e r  o u t p u t  w a s  

r e c o r d e d  on a CEC VR-2800 t a p e  r e c o r d e r .  

111-7 
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b .  R o t o r  Wake I n s t r u m e n t a t i o n  

R o t o r  wake s u r v e y s  were o b t a i n e d  w i t h  D I S A  55479 h o t - f i l m  anemometer 

p r o b e ,  l o c a t e d  a s  shown i n  f i g u r e  111-8. Anemometer o u t p u t  v o l t a g e  w a s  

r e c o r d e d  on a VR-2800 t a p e  r e c o r d e r .  The h o t - f i l m  probe  is shown i n  f i g -  

u r e  111-12 .  

c .  R o t o r  Ex i t  Boundary L a y e r  I n s t r u m e n t a t i o n  

R o t o r  e x i t  endwal l  boundary  l a y e r  t o t a l  p r e s s u r e  p r o f i l e s  were 

measured t o  se t  b l e e d  f low rates u s i n g  a t h r e e - h o l e  c y l i n d r i c a l  yaw 

p r o b e  h a v i n g  a 3 / 4 - i n .  t i p  (dimension between s e n s i n g  p o r t s  and probe  

t i p )  and a d i a m e t e r  o f  318 i n .  T o t a l  p r e s s u r e  and r a d i a l  t r a v e l  were 

r e c o r d e d  on a n  x-y p l o t t e r .  

d .  Ro to r  Speed 

R o t o r  rpm w a s  measured w i t h  a n  e l e c t r o m a g n e t i c  p i ckup  mounted a d j a c e n t  

t o  a 6 0 - t o o t h  g e a r  on t h e  r o t o r  s h a f t .  Gear t o o t h  p a s s i n g  f r e q u e n c y  w a s  

d i s p l a y e d  a s  rpm on an  Anadex d i g i t a l  r e a d o u t  sys t em.  A c l o s e d  l o o p  

c o n t r o l  sys t em m a i n t a i n e d  r o t o r  speed w i t h i n  a p p r o x i m a t e l y  1%. 

e .  Stress Measurements 

F i v e  r o t o r  b l a d e s  and f i v e  s t a t o r  vanes  w e r e  i n s t r u m e n t e d  w i t h  s t r a i n  

gages  t o  mon i to r  and r e c o r d  t o r s i o n a l  and bend ing  stresses. S t r a i n  gage  

l o c a t i o n s  on a t y p i c a l  i n s t rumen ted  r o t o r  b l a d e  a r e  shown i n  f i g u r e  111-13 .  

f .  V i b r a t i o n  

Di sp lacemen t  p i c k u p s  were  mounted on forward  and rear s e c t i o n s  o f  t h e  

compressor  r i g  o u t e r  c a s e  t o  moni tor  r i g  v i b r a t i o n .  

g .  Bleed  Flow R a t e  

Bleed  f low ra tes  from t h e  r o t o r  and s t a t o r  were measured by means o f  

s t a n d a r d  ASME t h i n  p l a t e  o r i f i c e s  l o c a t e d  i n  t h e  r e s p e c t i v e  b l e e d  mani fo ld  

e x i t  p i p e s .  

111-8 
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SECTION I V  
PROCEDURE S 

A .  TEST PROCEDURE 

1. End Wall Bleed Flow R a t e  S e l e c t i o n  

a .  R o t o r  Bleed  

With  t h e  compressor  o p e r a t i n g  a t  d e s i g n  speed  and f low c o n d i t i o n s ,  

t h e  t h r e e - h o l e  yaw probe  w a s  t r a v e r s e d  between 0 and  20% span  a t  

S t a t i o n  2 beh ind  t h e  r o t o r  f o r  each of t h r e e  b l e e d  f low s e t t i n g s .  The 

t h r e e  s e t t i n g s  co r re sponded  t o  n e a r - z e r o ,  h a l f  o f  maximum, and maximum 

b l e e d  f l o w  ra tes .  The b l e e d  f low ra te  s e l e c t e d  w a s  t h a t  which produced 

t h e  most s i g n i f i c a n t  improvement i n  t o t a l  p r e s s u r e  p r o f i l e  as  i n d i c a t e d  

on t h e  x-y p l o t t e r .  The v a l v e  s e t t i n g  f o r  t h i s  b l e e d  f low ra te  w a s  n o t  

changed a t  o t h e r  r o t o r  speed  and f low c o n d i t i o n s .  

b .  S t a t o r  Bleed 

With t h e  r o t o r  end w a l l  b l eed  set  a t  t h e  s e l e c t e d  r a t e ,  t h e  p rocedure  

d e s c r i b e d  above  w a s  r e p e a t e d  f o r  t h e  s t a t o r .  The 20- tube  wake probe  

w a s  p o s i t i o n e d  a t  10 and 90% span  l o c a t i o n s ,  and t h e  e f f e c t  o f  boundary 

l a y e r  b l e e d  on t h e  s t a t o r  wake p r e s s u r e s  w a s  moni tored  on manometers. 

The v a l v e  s e t t i n g  c o r r e s p o n d i n g  t o  t h e  b l e e d  f low ra te  t h a t  produced t h e  

most s i g n i f i c a n t  improvement a t  e i t h e r  span  l o c a t i o n  a t  d e s i g n  speed 

and f low c o n d i t i o n s  was s e l e c t e d  f o r  t h e  t e s t  program. 

2 .  Stress  Survey  and R o t a t i n g  S t a l l  T e s t s  

A stress s u r v e y  program was conducted t o  d e f i n e  t h e  s t ress  and 

v i b r a t i o n  c h a r a c t e r i s t i c s  o f  t h e  s l o t t e d  r o t o r  o v e r  t h e  o p e r a t i n g  r ange  

and  i n  t h e  s t a l l  r e g i o n s ,  

a l o n g  t h e  choke l i n e ,  a l o n g  an  assumed o p e r a t i n g  l i n e ,  and i n t o  t h e  s t a l l  

r e g i o n  a t  t h e  f i v e  r o t o r  speed  c o n d i t i o n s .  

r e c o r d e d  a t  a s u f f i c i e n t  number of speed  and f low c o n d i t i o n s  t o  d e f i n e  

t h e  o v e r a l l  o p e r a t i n g  r ange  between choke and s t a l l  and between 50 and 

110% d e s i g n  speed .  

B lade  s t resses  were moni tored  and r e c o r d e d  

F ixed  i n s t r u m e n t a t i o n  w a s  

Kis t le r  t r a n s d u c e r  d a t a  were r e c o r d e d  d u r i n g  t h e  e x c u r s i o n s  i n t o  

s t a l l  a l o n g  each  speed l i n e  t o  d e f i n e  r o t a t i n g  s t a l l  p a t t e r n s .  

IV- 1 
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3 .  O v e r a l l  and B lade  Element Performance Tests 

Overall and b l a d e  e l emen t  performance d a t a  were o b t a i n e d  a t  f i v e  

r o t o r  speed  c o n d i t i o n s  (50, 70, 90, 100,  and 110% o f  d e s i g n  speed)  and 

a t  a p p r o x i m a t e l y  s i x  p o i n t s  p e r  speed l i n e  t o  a d e q u a t e l y  d e f i n e  r o t o r  and 

s t a g e  per formance  between choke and s t a l l .  The n e a r - s t a l l  t e s t  p o i n t  w a s  

d e t e r m i n e d  on t h e  b a s i s  o f  s t ra in  gage  o u t p u t  and s t a g e  ex i t  t o t a l  p r e s -  

s u r e s  i n d i c a t e d  on manometers. A t  e ach  speed  and f low s e t  p o i n t ,  t h e  

f i x e d  p r e s s u r e  and t e m p e r a t u r e  i n s t r u m e n t a t i o n  d a t a  were r e c o r d e d  f i v e  

t i m e s ,  c o r r e s p o n d i n g  t o  f i v e  d i s c r e t e  r a d i a l  l o c a t i o n s  o f  t h e  i n l e t  g u i d e  

v a n e  and s t a t o r  vane  wake p robes .  T r a v e r s e  d a t a  were u s u a l l y  r e c o r d e d  

d u r i n g  t h e  l a s t  r e c o r d i n g  o f  f i x e d  i n s t r u m e n t a t i o n .  I n  t h i s  manner,  

r e p r e s e n t a t i v e  a v e r a g e  v a l u e s  of f l o w  and p r e s s u r e s  cou ld  be de t e rmined  

f o r  t h e  t i m e  p e r i o d  ( approx ima te ly  45 min) of  d a t a  r e c o r d i n g  a t  each  

p o i n t .  

4 .  R o t o r  Wake Surveys  

R o t o r  wake s u r v e y s  were o b t a i n e d  f o l l o w i n g  t h e  r e c o r d i n g  o f  b l a d e  

e l e m e n t  and o v e r a l l  per formance  da ta  a t  choke ,  a p p r o x i m a t e l y  maximum 

e f f i c i e n c y ,  and n e a r - s t a l l  c o n d i t i o n s  on each  o f  t h e  f i v e  speed  l i n e s .  

H o t - f i l m  anemometer o u t p u t  w a s  recorded  as t h e  p robe  w a s  t r a v e r s e d  from 

t h e  i n n e r  t o  t h e  o u t e r  w a l l  behind t h e  r o t o r .  

B. DATA REDUCTION PROCEDURES 

1. P r e l i m i n a r y  Data Reduc t ion  

Data r e d u c t i o n  w a s  accompl ished  i n  t h r e e  s t e p s  u s i n g  t h r e e  computer 

programs.  The f i r s t  s t e p  involved  c o n v e r s i o n  o f  r a w  d a t a  t o  e n g i n e e r i n g  

u n i t s .  T r a v e r s e  d a t a  ( t o t a l  p r e s s u r e ,  s t a t i c  p r e s s u r e ,  t o t a l  t e m -  

p e r a t u r e ,  and a i r  a n g l e ) ,  ob ta ined  a t  a p p r o x i m a t e l y  0 . 0 4 - i n .  i n c r e m e n t s  

a c r o s s  t h e  s p a n , w e r e  a u t o m a t i c a l l y  p l o t t e d  (as w e l l  as t a b u l a t e d ) .  

The p l o t t e d  and t a b u l a t e d  d a t a  were rev iewed t o  i d e n t i f y  and e l i m i n a t e  

any  o b v i o u s l y  q u e s t i o n a b l e  d a t a  p r i o r  t o  t h e  subsequen t  d a t a  r e d u c t i o n  

s t e p  . 
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The second d a t a  r e d u c t i o n  s t e p  accompl ished  t h e  f o l l o w i n g :  

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
e 
I 
I 
I 

1. Mach number c o r r e c t i o n s  t o  t e m p e r a t u r e  d a t a  

2 .  Mass a v e r a g e  o f  wake probe  d a t a  

3 .  C i r c u m f e r e n t i a l  a r i t h m e t i c  a v e r a g e  o f  f i x e d  and t r a v e r s e  

i n s t r u m e n t a t i o n  d a t a  

4 .  C o r r e c t i o n  o f  a l l  p r e s s u r e  and t e m p e r a t u r e  d a t a  t o  NASA 

s t a n d a r d  day  ambien t  c o n d i t i o n s  

5. S e l e c t i o n  by i n t e r p o l a t i o n  o f  t o t a l  and s t a t i c  p r e s s u r e ,  

t o t a l  t e m p e r a t u r e ,  and a i r  a n g l e  v a l u e s  a t  s p e c i f i e d  r a d i a l  

l o c a t i o n s  f o r  i n p u t  f o r  t he  f i n a l  d a t a  r e d u c t i o n  s t e p .  

A l l  c o r r e c t e d  d a t a  w e r e  a v a i l a b l e  f o r  f u r t h e r  i n s p e c t i o n  i n  t h e  

p r i n t e d  r e s u l t s  from t h i s  computer program, which  i n c l u d e d  i n d i v i d u a l  

d a t a  v a l u e s  as w e l l  a s  ave raged  q u a n t i t i e s .  The t h i r d  s t e p  i n  t h e  d a t a  

r e d u c t i o n  p rocedure  i n v o l v e d  c a l c u l a t i o n  o f  o v e r a l l  and  b l a d e  e l emen t  

per formance  p a r a m e t e r s ,  which a re  d e f i n e d  i n  t h e  f o l l o w i n g  p a r a g r a p h s .  

2 .  Pa rame te r  C a l c u l a t i o n  

The f o l l o w i n g  o v e r a l l  and  b l a d e  e l emen t  per formance  p a r a m e t e r s  w e r e  

c a l c u l a t e d  f o r  t h e  a n a l y s i s  of t e s t  d a t a  and t h e  e v a l u a t i o n  o f  s l o t t e d  

R o t o r  1 per formance .  Symbols a re  d e f i n e d  i n  Appendix A .  

a .  O v e r a l l  Per formance  

(1) Weight Flow 

Weight f low i s  p r e s e n t e d  i n  terms o f  c o r r e c t e d  w e i g h t  f l o w ,  d e f i n e d  

as  : 

WJS 
6 

where  : 

w = a c t u a l  w e i g h t  f low 

8 = r a t i o  o f  t o t a l  t e m p e r a t u r e  (plenum) t o  NASA s t a n d a r d  

sea l e v e l  t e m p e r a t u r e  

6 = r a t i o  o f  t o t a l  p r e s s u r e  (plenum) t o  NASA s t a n d a r d  s e a  

l e v e l  p r e s s u r e .  
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V a l u e s  o f  c o r r e c t e d  w e i g h t  flow p r e s e n t e d  i n  t h e  f i g u r e s  and  t a b l e s  

i n c l u d e  r o t o r  and s t a t o r  b l e e d  flow rates.  P e r c e n t a g e  b l e e d  f low rates  

f o r  t h e  r e s p e c t i v e  b l a d e  rows a r e  t a b u l a t e d  s e p a r a t e l y  ( t a b l e  B-1).  

(2) P r e s s u r e  R a t i o  

P r e s s u r e  r a t i o s  w e r e  c a l c u l a t e d  f o r  t h e  r o t o r ,  gu ide  v a n e - r o t o r ,  and 

g u i d e  v a n e - r o t o r - s t a t o r  b l a d e  row combina t ions .  Behind t h e  r o t o r ,  f i x e d  

K i e l  head and t r a v e r s e  p robe  t o t a l  p r e s s u r e  d a t a  were a r i t h m e t i c a l l y  

a v e r a g e d  a t  each  span  l o c a t i o n  and t h e  p r o f i l e  t h u s  d e f i n e d  was mass-flow 

a v e r a g e d  a c r o s s  t h e  s p a n .  

Behind t h e  gu ide  vane  and s t a t o r ,  t h e  wake p robe  p r e s s u r e s  were  f i r s t  

mass- f low i n t e g r a t e d  a t  each  span  l o c a t i o n ,  and t h e  r e s u l t i n g  a v e r a g e  p r e s -  

s u r e s  were t h e n  mass-flow ave raged  i n  t h e  r a d i a l  d i r e c t i o n .  

(3) A d i a b a t i c  E f f i c i e n c y  

A d i a b a t i c  e f f i c i e n c y  a c r o s s  the r o t o r  i s  d e f i n e d  as 

Y -  1 . -  (y- - 1 

I 

where :  
- 
P = mass ave raged  

T f 518 .7 ’R  

P, = mass ave raged  

1 

1 - 
L - 

Tg = mass ave raged  

p r e s s u r e  beh ind  t h e  g u i d e  vane 

p r e s s u r e  behind  t h e  r o t o r  

t e m p e r a t u r e  behind  t h e  s t a t o r .  

To o b t a i n  a d i a b a t i c  e f f i c i e n c i e s  f o r  t h e  g u i d e - v a n e - r o t o r  combina t ion  o r  

f o r  t h e  e n t i r e  s t a g e  , a p p r o p r i a t e  a v e r a g e  p r e s s u r e s  were u s e d .  

b .  Blade  Element Per formance  

(1) D i f f u s i o n  F a c t o r  

D i f f u s i o n  f a c t o r  f o r  t h e  r o t o r  i s  d e f i n e d  a s  

I 

v2 Av ‘B( 1 - 2 ) 
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D i f f u s i o n  f a c t o r  f o r  t h e  s t a t o r  i s  d e f i n e d  as  

'2A "0 ( 2 - 2 A )  

(2)  D e v i a t i o n  Angle  

R o t o r  b l a d e  d e v i a t i o n  i s  d e f i n e d  as  

6; = P ;  - K ;  

S t a t o r  d e v i a t i o n  i s  d e f i n e d  a s  

' ; A =  '2, - '2A 

where  U i  and K 

a n g l e s  based  on e q u i v a l e n t  c i r c u l a r  a rc  camber l i n e s  f o r  t h e  6 5 - s e r i e s  

a i r f o i l .  

a r e  t h e  r o t o r  b l a d e  and s t a t o r  vane t r a i l i n g  edge  metal 2 A  

( 3 )  I n c i d e n c e  Angle  

R o t o r  i n c i d e n c e  i s  d e f i n e d  a s  

i = 0; - K ;  m l  

S t a t o r  i n c i d e n c e  i s  d e f i n e d  a s  

i m2 = 0 2 - K 2  

where  K i  and K 2  

a n g l e s  based on e q u i v a l e n t  c i r c u l a r  a rc  camber l i n e s  f o r  t h e  6 5 - s e r i e s  

a i r f o i l ,  

are  t h e  r o t o r  b l a d e  a n d  s t a t o r  vane l e a d i n g  edge metal 

( 4 )  T o t a l  P r e s s u r e  L o s s  C o e f f i c i e n t  

T o t a l  p r e s s u r e  l o s s  c o e f f i c i e n t  f o r  t h e  r o t o r  i s  d e f i n e d  as  

- p; 
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F o r  t h e  i n l e t  g u i d e  v a n e s ,  t o t a l  p r e s s u r e  loss c o e f f i c i e n t  i s  d e -  

f i n e d  as  - 
14 .69  - P1 

- - - 
y o - 1 )  40 

w h e r e  q i s  o b t a i n e d  from i s e n t r o p i c  f low r e l a t i o n s h i p s  u s i n g  o r i f i c e  w e i g h t  

f l o w  and t h e  a n n u l a r  area a t  t h e  guide  vane i n l e t ,  a n d  ( - )  refers t o  mass 

a v e r a g e d  wake t o t a l  p r e s s u r e s ,  

0 

T o t a l  p r e s s u r e  l o s s  c o e f f i c i e n t  f o r  t h e  s t a t o r  i s  d e f i n e d  a s  

- - - 
O(2-2A) P2 - P2 

(5) L o s s  Parameter  

R o t o r  t o t a l  p r e s s u r e  l o s s  i s  a l s o  p r e s e n t e d  i n  terms of t h e  l o s s  

p a r a m e t e r  , 

c o s  p '  
U(1-2)  2 
- 1  

2 4  
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SECTION V 
RESULTS AND DISCUSSION 

S l o t t e d  R o t o r  1 per formance  was e v a l u a t e d  on t h e  b a s i s  o f  p r e s s u r e  

rise and e f f i c i e n c y  c h a r a c t e r i s t i c s  a s  f u n c t i o n s  o f  r o t a t i v e  speed  and 

w e i g h t  f l o w ,  a s  w e l l  a s  b l a d e  e lement  d i f f u s i o n  f a c t o r ,  d e v i a t i o n ,  and 

l o s s  c o e f f i c i e n t  a s  f u n c t i o n s  o f  i n c i d e n c e  a n g l e .  S l o t t e d  r o t o r  per form-  

a n c e  r e s u l t s  are  compared w i t h  (1) p r e d i c t e d  u n s l o t t e d  r o t o r  per formance  

and  (2) a v a i l a b l e  NASA r o t a t i n g  cascade  per formance  r e s u l t s .  A b r i e f  

d e s c r i p t i o n  o f  g u i d e  vane  and s t a t o r  per formance  i s  i n c l u d e d  i n  t h i s  

s e c t i o n .  O v e r a l l  and b l a d e  e lement  e x p e r i m e n t a l  per formance  p a r a m e t e r s  

and b l e e d  f lows  and b l a d e  e lement  v e c t o r  d i ag ram d a t a  f o r  t h e  g u i d e  v a n e ,  

r o t o r ,  and s t a t o r  a re  t a b u l a t e d  i n  Appendix B. The r e s u l t s  of s t r e s s  

s u r v e y s ,  r o t a t i n g  s t a l l  measurements and r o t o r  wake s u r v e y s  are i n c l u d e d  

unde r  t h e  d i s c u s s i o n  o f  r o t o r  per formance .  

A .  OVERALL PERFORMANCE 

Overall per formance  i s  p r e s e n t e d  i n  terms o f  e f f i c i e n c y  and p r e s s u r e  

r a t i o  v e r s u s  c o r r e c t e d  w e i g h t  flow, W f i / a  , and c o r r e c t e d  s p e c i f i c  w e i g h t  

f l o w ,  W&/dA, i n  f i g u r e s  V - 1 ,  V - 2 ,  and V - 3 ,  f o r  r o t o r ,  g u i d e  v a n e - r o t o r ,  

and g u i d e  v a n e - r o t o r - s t a t o r  combina t ions .  Each f i g u r e  c o n t a i n s  t h e  p e r -  

formance r e s u l t s  o b t a i n e d  a t  t h e  f i v e  t e s t  r o t o r  speed  c o n d i t i o n s .  Va lues  

o f  c o r r e c t e d  a i r f l o w  o b t a i n e d  from i n t e g r a t i o n  o f  f low p r o f i l e s  downstream 

o f  t h e  r o t o r  and  s t a t o r  a r e  compared w i t h  t h e  main o r i f i c e  measured v a l u e s  

minus b l e e d  f low i n  f i g u r e  V - 4 .  The f i g u r e  shows t h a t  g e n e r a l  agreement  

w a s  o b t a i n e d  w i t h i n  +7%. 

A s  r e p o r t e d  i n  R e f e r e n c e  1, the  d e s i g n  e f f i c i e n c y  and p r e s s u r e  r a t i o  

f o r  R o t o r  1 are  g iven  as  89% and 1.31 r e s p e c t i v e l y  w i t h o u t  s l o t s  (normal 

d e v i a t i o n  a n g l e s )  and 91% and 1.37 r e s p e c t i v e l y  w i t h  s l o t s  ( reduced  

d e v i a t i o n  a n g l e s )  a t  a d e s i g n  flow o f  96 l b f s e c .  

vane  t u r n i n g  a n g l e  exceeded  the d e s i g n  a n g l e  by 5 d e g r e e s  ( a s  d i s c u s s e d  

u n d e r  p a r a g r a p h  B l ) ,  t h e  per formance  w a s  r e c a l c u l a t e d  on t h e  b a s i s  of 

t h e  a c t u a l  t u r n i n g  a n g l e ,  r e s u l t i n g  i n  e s s e n t i a l l y  t h e  same d e s i g n  

l e v e l s  o f  e f f i c i e n c y  and p r e s s u r e  r a t i o ,  b u t  a t  a reduced  d e s i g n  f low 

r a t e  o f  90 l b f s e c .  The t h r e e  sets o f  v a l u e s  o f  p r e d i c t e d  per formance  t h u s  

d e f i n e d  a r e  i n c l u d e d  i n  f i g u r e  V - 1  f o r  compar ison  w i t h  t h e  s l o t t e d  r o t o r  

t e s t  r e s u l t s .  H e r e i n a f t e r ,  d e s i g n  per formance  c a l c u l a t e d  f o r  normal 

Because measured g u i d e  
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d e v i a t i o n  ( u n s l o t t e d  b l a d e s )  and  t h e  a c t u a l  g u i d e  vane t u r n i n g  a n g l e  w i l l  

b e  u s e d  i n  compar isons  w i t h  t h e  d a t a .  

vane  t u r n i n g ,  t h e  r o t o r  o p e r a t e d  a t  s l i g h t l y  d e c r e a s e d  f l o w  rates  f o r  e q u i v a l e n t  

p r e s s u r e  r a t i o s .  A maximum e f f i c i e n c y  o f  93.4% and a c o r r e s p o n d i n g  p r e s s u r e  

r a t i o  o f  1.33 were a c h i e v e d  a t  a p p r o x i m a t e l y  t h e  r e v i s e d  d e s i g n  f low rate  

o f  90 l b / s e c  ( p r e d i c t e d  on t h e  b a s i s  o f  t h e  a c t u a l  g u i d e  vane a i r  t u r n i n g  

a n g l e ) .  

normal d e v i a t i o n  a n g l e  and r e v i s e d  i n l e t  g u i d e  vane  t u r n i n g .  

p a r t i a l l y  due  t o  t h e  h i g h e r  t h a n  e s t i m a t e d  e f f i c i e n c y  and p a r t i a l l y  b e c a u s e  

d e v i a t i o n  a n g l e s  w e r e  s l i g h t l y  less t h a n  normal as  d i s c u s s e d  i n  p a r a g r a p h  B. 

A s  e x p e c t e d ,  w i t h  t h e  i n c r e a s e d  g u i d e  

The measured p r e s s u r e  r a t i o  i s  s l i g h t l y  h i g h e r  t h a n  p r e d i c t e d  f o r  

T h i s  i s  

The g u i d e - v a n e - r o t o r  performance c h a r a c t e r i s t i c s  i n  f i g u r e  V-2  i n d i c a t e  

t h a t  g u i d e  vane t o t a l  p r e s s u r e  l o s s  had  a n e g l i g i b l e  e f f e c t  when compared 

w i t h  r o t o r  per formance  i n  f i g u r e  V - 1 .  The s t a g e  per formance  ( g u i d e  

v a n e - r o t o r - s t a t o r )  i n  f i g u r e  V - 3  i n d i c a t e s  a s i g n i f i c a n t  e f f e c t  of s t a t o r  

l o s s  on s t a g e  e f f i c i e n c y  and p r e s s u r e  r a t i o  when compared w i t h  t h e  g u i d e -  

v a n e - r o t o r  per formance  i n  f i g u r e  V - 2 .  The maximum e f f i c i e n c y  w a s  d e c r e a s e d  

from a b o u t  93 t o  80% and t h e  p r e s s u r e  r a t i o  c o r r e s p o n d i n g  t o  maximum 

e f f i c i e n c y  d e c r e a s e d  from 1 . 3 3  t o  1 . 2 8 .  

B .  BLADE ELEMENT PERFORMANCE 

1. I n l e t  Guide Vane 

I n l e t  g u i d e  vane  e x i t  a i r  a n g l e  d i s t r i b u t i o n s  are  p r e s e n t e d  i n  f i g -  

u r e  V-5 f o r  t h e  d e s i g n  speed  l i n e  t es t  d a t a ,  A i r  a n g l e  d a t a  o b t a i n e d  w i t h  

e a c h  o f  t h e  two 20-deg wedge probes a re  i d e n t i f i e d  by symbol ,  and t h e  

d e s i g n  a i r  a n g l e  d i s t r i b u t i o n  i s  shown f o r  comparison.  Note  t h a t  t h e  

a v e r a g e  measured a i r  a n g l e  i s  about  5 deg  g r e a t e r  t h a n  t h e  d e s i g n  a i r  

a n g l e ,  which r e s u l t e d  i n  a p p r o x i m a t e l y  4-deg lower  t h a n  d e s i g n  i n c i d e n c e  

on t h e  r o t o r  a t  t h e  o r i g i n a l  d e s i g n  f low c o n d i t i o n s  o f  96 l b l s e c .  The 

g u i d e  vane  o v e r t u r n i n g  w a s  a t t r i b u t e d  t o  a n  o v e r - c o n s e r v a t i v e  d e s i g n  

a p p r o a c h  t o  a c h i e v e  t h e  d e s i r e d  r e l a t i v e l y  h i g h  t u r n i n g  w i t h  t h e  4 0 0 - s e r i e s  

a i r f o i l  s e c t i o n .  

I n l e t  g u i d e  vane  v e c t o r  diagram and b l a d e  e lement  d a t a  are i n c l u d e d  

i n  t a b l e  B-2. 
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2 .  R o t o r  

a .  R o t o r  I n l e t  C o n d i t i o n s  

R o t o r  i n l e t  r e l a t ive  Mach number and a i r  a n g l e  r a d i a l  d i s t r i b u t i o n s  

f o r  t h e  d e s i g n  speed  d a t a  p o i n t s  are p r e s e n t e d  i n  f i g u r e  V-6. C a l c u l a t e d  

d e s i g n  p o i n t  d i s t r i b u t i o n s  a re  shown f o r  compar ison .  The d e s i g n  Mach 

number d i s t r i b u t i o n  i s  i n  good agreement w i t h  t h e  measured d i s t r i b u t i o n s  

shown f o r  choke and s t a l l  c o n d i t i o n s .  

A t  t h e  w e i g h t  f low co r re spond ing  t o  maximum e f f i c i e n c y  (Wfi /6  = 90 .9  l b / s e c ) ,  

t h e  i n l e t  r e l a t i v e  a i r  a n g l e  d i s t r i b u t i o n  i s  w i t h i n  1 o r  2 d e g r e e s  o f  t h e  d e s i g n  

d i s t r i b u t i o n .  Des ign  i n c i d e n c e  a n g l e s  would b e  a t t a i n e d  a t  a f low o f  a b o u t  

93 l b / s e c .  

b .  Loss  C o e f f i c i e n t ;  D e v i a t i o n  Ang le ;  D-Fac tor  

S l o t t e d  Ro to r  1 b l a d e  e l e m e n t  per formance  d a t a  o b t a i n e d  a t  d e s i g n  

e q u i v a l e n t  r o t o r  speed  a r e  p r e s e n t e d  i n  terms o f  l o s s  c o e f f i c i e n t ,  d e v i a -  

t i o n ,  and D - f a c t o r  v e r s u s  i n c i d e n c e  i n  f i g u r e s  V - 7  t h rough  V - 1 1 .  Each 

f i g u r e  c o r r e s p o n d s  t o  one spanwise  l o c a t i o n .  C a l c u l a t e d  d e s i g n  v a l u e s  

o f  l o s s  c o e f f i c i e n t ,  d e v i a t i o n ,  and  D - f a c t o r  are  shown i n  t h e  f i g u r e s  

f o r  compar ison  w i t h  t h e  d a t a .  

a r e  a p p r o x i m a t e l y  t h e  same a s  t h e  d e s i g n  v a l u e s  a t  30, 50,  and 70% span  

l o c a t i o n s  and s l i g h t l y  h i g h e r  than d e s i g n  v a l u e s  a t  t h e  hub and t i p  

(90 and  10% span)  as i n d i c a t e d  i n  t h e  f i g u r e s .  S l o t t e d  r o t o r  d e v i a t i o n  

a n g l e s  a re  a p p r o x i m a t e l y  t h e  same as t h e  d e s i g n  v a l u e s  i n  t h e  hub and t i p  

r e g i o n s  and s l i g h t l y  less (1 t o  3 deg)  t h a n  t h e  d e s i g n  v a l u e s  i n  t h e  

midspan r e g i o n  (30 ,  50,  and  70% s p a n ) .  

r o t o r  are a b o u t  t h e  same o r  lower t h a n  t h e  d e s i g n  v a l u e s  a t  50, 7 0 ,  and 90% 

s p a n .  

c o e f f i c i e n t  i s  h i g h e r  t h a n  p r e d i c t e d .  

The s l o t t e d  r o t o r  D - f a c t o r  l o a d i n g  v a l u e s  

L o s s  c o e f f i c i e n t s  f o r  t h e  s l o t t e d  

I n  t h e  b l a d e  t i p  r e g i o n  (10 and  30% span)  t h e  s l o t t e d  r o t o r  l o s s  

The a p p a r e n t  d i f f e r e n c e  i n  d e v i a t i o n  and l o s s  c o e f f i c i e n t  between t h e  

p r e d i c t e d  and  measured v a l u e s  a t  midspan i s  similar t o  t h e  d i f f e r e n c e  

obse rved  be tween u n s l o t t e d  and  s l o t t e d  s t a t o r  Per formance  i n  t h e  a n n u l a r  

c a s c a d e  program (Refe rence  2 ) .  

B lade  e l emen t  p a r a m e t e r s  f o r  t h e  f i v e  speed  l i n e s  a re  combined i n  f i g -  

u r e s  V-12 thrGugh v-16 t o  show t h e  g e n e r a l  c o n s i s t e n c y  o f  t h e  d a t a .  

d e v i a t i o n  and D - f a c t o r  pa rame te r s  form a f a i r l y  w e l l  d e f i n e d  c u r v e  w i t h  

i n c i d e n c e  a t  each  o f  t h e  f i v e  span l o c a t i o n s . .  R o t o r  t i p  i n l e t  r e l a t i v e  

The 
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Mach number v a r i e d  between a b o u t  0 . 3  and 0 . 9  o v e r  t h e  r o t o r  speed  and 

f l o w  r a n g e .  A s l i g h t  e f f e c t  o f  Mach number on D - f a c t o r ,  d e v i a t i o n ,  and 

l o s s  c o e f f i c i e n t  i s  a p p a r e n t  from i n s p e c t i o n  o f  t h e  symbols i n  f i g u r e s  V-12 

t h r o u g h  V-16 t h a t  c o r r e s p o n d  t o  t h e  50 and 110% d e s i g n  r o t o r  speed  d a t a .  

It  can  be  s e e n  t h a t  D - f a c t o r ,  d e v i a t i o n )  and l o s s  c o e f f i c i e n t  f o r  110% 

d e s i g n  r o t o r  speed  a re  g e n e r a l l y  s l i g h t l y  h i g h e r  t h a n  t h e  c o r r e s p o n d i n g  

v a l u e s  f o r  50% d e s i g n  r o t o r  speed .  A l s o ,  t h e  110% d e s i g n  r o t o r  s p e e d  l o s s  

c o e f f i c i e n t  d a t a  e x h i b i t s  a narrower i n c i d e n c e  a n g l e  r a n g e  c h a r a c t e r i s t i c  

t h a n  t h a t  formed by t h e  d a t a  c o r r e s p o n d i n g  t o  50% d e s i g n  r o t o r  s p e e d .  

c .  Loss P a r a m e t e r  

Loss p a r a m e t e r  , L3i-2 c o s  8’/26,  i s  p r e s e n t e d  as a f u n c t i o n  o f  D - f a c t o r  
2 

i n  f i g u r e s  V - 1 7 a Y  b y  and c f o r  the  b l a d e  e l e m e n t  d a t a  o b t a i n e d  a t  70 and 50% 

s p a n ,  90 and 30% s p a n ,  and 10% span,  r e s p e c t i v e l y .  Data c o r r e s p o n d i n g  t o  

90 ,  1 0 0 ,  and 110% d e s i g n  r o t o r  speed a r e  i n c l u d e d  i n  e a c h  p a r t  o f  t h e  

f i g u r e .  NASA c o r r e l a t i o n  c u r v e s  ( reproduced  from R e f e r e n c e  3) f o r  NASA 

6 5 - s e r i e s  and c i r c u l a r  a rc  s e r i e s  r o t a t i n g  c a s c a d e  minimum l o s s  ( r e f e r e n c e  

i n c i d e n c e )  , d a t a  a r e  shown f o r  comparison.  

I n  g e n e r a l ,  t h e  minimum l o s s  data  a p p e a r  t o  be  c o n s i s t e n t  w i t h  t h e  

r e s p e c t i v e  NASA c o r r e l a t i o n  curves  f o r  minimum-loss d a t a .  The 70 and 50% 

s p a n  d a t a  t h a t  c o r r e s p o n d  t o  i n c i d e n c e  a n g l e s  g r e a t e r  t h a n  minimum l o s s  

i n c i d e n c e  i n d i c a t e  D - f a c t o r  l o a d i n g  l e v e l  v a l u e s  up  t o  0 .52  a t  l o s s  p a r a m e t e r  

l eve ls  t h a t  a r e  e q u i v a l e n t  t o  t h e  NASA minimum-loss c o r r e l a t i o n  c u r v e s .  

T i p  d a t a  (10% span)  t h a t  cor respond t o  i n c i d e n c e  a n g l e s  g r e a t e r  t h a n  minimum 

l o s s  i n c i d e n c e  i n d i c a t e  D - f a c t o r s  as h i g h  a s  0 .68 a t  l o s s  parameter  l e v e l s  

below t h e  NASA c u r v e .  Although t h e  90  and 3W0 s p a n  d a t a  a r e  above t h e  NASA 

c o r r e l a t i o n  c u r v e  t h a t  i n c l u d e s  d a t a  f o r  t h e s e  s p a n  l o c a t i o n s )  t h e y  e x t e n d  

t h e  l o a d i n g  l e v e l  range  t o  b e t t e r  t h a n  D = 0 . 6  w i t h o u t  a s h a r p  r i se  i n  l o s s .  

T h i s  i n d i c a t e s  t h a t  t h e  p r e s e n t  s l o t  d e s i g n  and l o c a t i o n  a re  more e f f e c t i v e  

a t  h i g h  i n c i d e n c e  a n g l e s  t h a n  a t  d e s i g n  i n c i d e n c e .  

d .  S t r e s s  Survey  R e s u l t s  

A b r i e f  stress s u r v e y  program w a s  performed w i t h  s l o t t e d  R o t o r  1 t o  

d e f i n e  t h e  bending  and t o r s i o n  stress c h a r a c t e r i s t i c s  o v e r  t h e  planned 

o p e r a t i n g  r a n g e .  T r a n s i e n t  r e c o r d i n g s  o f  s t r a i n  g a g e s ,  mounted on t h e  

b l a d e s  a s  shown i n  f i g u r e  111-13, were o b t a i n e d  a t  e a c h  r o t o r  speed condi -  

t i o n  as  t h e  t h r o t t l e  v a n e s  were a c t u a t e d  t o  r e d u c e  f low ra te .  
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The r e s u l t i n g  stress v a l u e s  a t  v a r i o u s  l o c a t i o n s  on t h e  compressor  map 

a re  p r e s e n t e d  i n  f i g u r e  V - 1 8 .  

5000 p s i  a l o n g  t h e  choke l i n e  and t h e  major  p o r t i o n s  o f  t h e  c o n s t a n t  speed  

l i n e s .  S t a l l  stresses ranged  from 12,500 p s i  a t  50% d e s i g n  speed  t o  

31,600 p s i  a t  110% d e s i g n  s p e e d .  

Bending s t r e s s  l e v e l s  were on t h e  o r d e r  o f  

F i r s t  bend ing  and t o r s i o n  v i b r a t i o n  f r e q u e n c i e s  a t  d e s i g n  r o t e r  speed  

w e r e  480  t o  500 c p s  and 1200 t o  1280 c p s ,  r e s p e c t i v e l y ,  which a re  i n  good 

ag reemen t  w i t h  c a l c u l a t e d  values g iven  i n  R e f e r e n c e  1. 

e .  R o t a t i n g  S t a l l  R e s u l t s  

R o t a t i n g  s t a l l  measurements were o b t a i n e d  w i t h  t h r e e  Kis t le r  p r e s s u r e  

t r a n s d u c e r s  d u r i n g  t h e  s t ress  su rvey  program as t h e  s t a l l  r e g i o n  w a s  

approached  a l o n g  e a c h  speed  l i n e .  A t y p i c a l  r e c o r d i n g  o f  r o t a t i n g  s t a l l  

i s  p r e s e n t e d  i n  f i g u r e  V - 1 9 .  R o t a t i n g  s t a l l  a t  each  speed  c o n d i t i o n  was 

c h a r a c t e r i z e d  by a s i n g l e  s t a l l  zone t h a t  cove red  h a l f  t h e  a n n u l u s  and 

r o t a t e d  a t  a p p r o x i m a t e l y  20% o f  t h e  r o t o r  s p e e d .  

a t  a l l  t es t  r o t o r  s p e e d s  e x c e p t  t h e  50% d e s i g n  speed  c o n d i t i o n .  A more 

g r a d u a l  s t a l l  c h a r a c t e r i s t i c  w a s  observed  a t  t h i s  speed .  

R o t o r  s t a l l  w a s  a b r u p t  

f .  R o t o r  Wake Survey R e s u l t s  

Rotor wake s u r v e y s  were o b t a i n e d  a t  th ree  f low c o n d i t i o n s  a l o n g  

each  speed  l i n e :  choke ,  approx ima te ly  maximum e f f i c i e n c y ,  and n e a r - s t a l l .  

A h o t - f i l m  anemometer p robe  ( f i g u r e  1 1 1 - 1 2 )  w a s  t r a v e r s e d  behind  t h e  r o t o r  

from t h e  i n n e r  t o  t h e  o u t e r  w a l l  t o  o b t a i n  b l a d e  wake d e f i n i t i o n  a t  

s e v e r a l  span l o c a t i o n s .  A sample o f  t h e  anemometer o u t p u t  on e i t h e r  s i d e  

of e a c h  d e s i r e d  r a d i a l  l o c a t i o n  was d i s p l a y e d  on a n  o s c i l l o s c o p e  such  

t h a t  from 10 t o  15 c o n s e c u t i v e  wake traces f o r  an  i s o l a t e d  b l a d e  were 

super imposed .  The o s c i l l o s c o p e  d i s p l a y  t h u s  e s t a b l i s h e d  i s  p r e s e n t e d  

i n  f i g u r e s  V - 2 0  t h rough  V-24. Major s c a l e  d i v i s i o n  o f  t h e s e  f i g u r e s  

r e p r e s e n t  1 / 2 - i n .  i n  t h e  h o r i z o n t a l  d i r e c t i o n  and 30 f t l s e c  i n  t h e  

v e r t i c a l  d i r e c t i o n .  

The b l a d e  wakes are  g e n e r a l l y  n o t  w e l l  d e f i n e d  i n  t h e  r o o t  r e g i o n  

(90% span)  a t  a l l  r o t o r  speed  c o n d i t i o n s .  F o r  t h e  90 and 100% d e s i g n  

r o t o r  speed  c o n d i t i o n s ,  t h e  wake s i z e s  a t  7 0 ,  50,  and 30% span  l o c a t i o n s  

a p p e a r  t o  d e c r e a s e  from t h e  choke p o i n t  t o  near-maximum e f f i c i e n c y  cond i -  

t i o n ,  w i t h  l i t t l e  a p p a r e n t  growth a t  t h e  n e a r - s t a l l  c o n d i t i o n .  Of i n t e r e s t  
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a t  t h e  90% r o t o r  speed  c o n d i t i o n  i s  t h e  development  o f  a n  a p p a r e n t  v o r t e x  

a t  70% span  a t  n e a r - s t a l l  c o n d i t i o n s .  The v o r t e x  i s  c h a r a c t e r i z e d  by a n  

i n t e r m e d i a t e  wake between t h e  b l a d e  wakes.  T h i s  s e c o n d a r y  v e l o c i t y  

d e f i c i e n c y  i s  more pronounced a t  t h e  100% d e s i g n  speed c o n d i t i o n ,  and 

e x t e n d s  o u t  t o  50% s p a n .  The u n p r e d i c t a b l e  and a p p a r e n t l y  random a p p e a r -  

a n c e  o f  t h i s  i n t e r m e d i a t e  wake may b e  a s s o c i a t e d  w i t h  i n l e t  g u i d e  vane  

wakes p a s s i n g  t h r o u g h  t h e  r o t o r ,  as s u g g e s t e d  i n  R e f e r e n c e  4 .  

3. S t a t o r  

S t a t o r  i n l e t  Mach number and a i r  a n g l e  d i s t r i b u t i o n  f o r  d e s i g n  speed  

d a t a  a re  p r e s e n t e d  i n  f i g u r e  V-25. C a l c u l a t e d  d e s i g n  v a l u e s  of  t h e s e  two 

p a r a m e t e r s  shown f o r  comparison are s e e n  t o  be w i t h i n  t h e  r a n g e  o f  test 

d a t a .  The s t a t o r  was o p e r a t i n g  c l o s e s t  t o  i t s  d e s i g n  i n l e t  a i r  a n g l e  a t  

a w e i g h t  f l o w  o f  a b o u t  9 5 . 2  l b l s e c  a t  midspan. A s  s t a l l  c o n d i t i o n s  were 

a p p r o a c h e d ,  t h e  s t a t o r  i n l e t  a i r  a n g l e  d i s t r i b u t i o n  b r e a k s  s h a r p l y  upward 

i n  t h e  end w a l l  r e g i o n s ,  r e s u l t i n g  i n  a p o s i t i v e  i n c i d e n c e  o f  a p p r o x i m a t e l y  

10 d e g r e e s  a t  t h e  90 and 10% span  s e c t i o n s  f o r  t h e  s t a l l  p o i n t .  

S t a t o r  v e c t o r  d iagrams and b l a d e  e l e m e n t  d a t a  are  i n c l u d e d  i n  t a b l e  B-2 

f o r  g e n e r a l  i n f o r m a t i o n .  A n a l y s i s  o f  t h e s e  d a t a  and subsequent  u n s l o t t e d  

S t a t o r  1 d a t a  as i t  i s  p e r t i n e n t  t o  t h e  o v e r a l l  o b j e c t i v e s  o f  t h e  program 

w i l l  be i n c l u d e d  i n  t h e  f i n a l  r e p o r t  on t h i s  program, 
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SECTION V I  
CONCLUDING D I S C U S S I O N  

B lade  e l emen t  d a t a  a t  f i v e  r a d i a l  l o c a t i o n s  and o v e r a l l  per formance  

d a t a  were o b t a i n e d  f o r  a s l o t t e d  r o t o r  c o n f i g u r a t i o n  a t  s e v e r a l  f low cond i -  

t i o n s ,  i n c l u d i n g  choke and n e a r - s t a l l ,  a l o n g  f i v e  r o t o r  speed  l i n e s  between 

(and i n c l u d i n g )  50 and  110% of t h e  d e s i g n  s p e e d .  Measured r o t o r  p r e s s u r e  

r a t i o  and  e f f i c i e n c y  were s l i g h t l y  h i g h e r  t h a n  t h e  c a l c u l a t e d  d e s i g n  v a l u e s  

f o r  normal d e v i a t i o n  a n g l e s .  Maximum s l o t t e d  r o t o r  e f f i c i e n c y  w a s  93.4% 

compared w i t h  a d e s i g n  e f f i c i e n c y  of 90%, and t h e  s l o t t e d  r o t o r  p r e s s u r e  

r a t i o  c o r r e s p o n d i n g  t o  maximum e f f i c i e n c y  w a s  1.33 compared w i t h  a d e s i g n  

v a l u e  o f  1 .295.  Maximum e f f i c i e n c y  and c o r r e s p o n d i n g  p r e s s u r e  r a t i o  were 

o b t a i n e d  a t  t h e  c a l c u l a t e d  d e s i g n  we igh t  f low o f  90.2 l b l s e c .  

l o s s e s  r e s u l t e d  i n  a s t a g e  maximum e f f i c i e n c y  o f  o n l y  80%, and a s t a g e  

p r e s s u r e  r a t i o  o f  1 . 2 8 .  

S t a t o r  

I n  g e n e r a l ,  s l o t t e d  Ro to r  1 achieved  t h e  d e s i g n  b l a d e  e l emen t  per form-  

ance  l e v e l s  c a l c u l a t e d  f o r  normal d e v i a t i o n  a n g l e s  a t  d e s i g n  i n c i d e n c e .  The 

D - f a c t o r  l o a d i n g  a t  hub and t i p  were s l i g h t l y  g r e a t e r  t h a n  p r e d i c t e d ,  and 

t h e  d e v i a t i o n  a n g l e s  i n  t h e  midspan r e g i o n  were 1 t o  3 d e g r e e s  less t h a n  

p r e d i c t e d .  The measured l o s s  c o e f f i c i e n t  was a b o u t  t h e  same as  t h e  ca l -  

c u l a t e d  d e s i g n  v a l u e  i n  t h e  r o o t  r e g i o n  (90% s p a n ) ,  lower  t h a n  d e s i g n  v a l u e  

i n  t h e  midspan r e g i o n  (50 and  70% s p a n ) ,  and g r e a t e r  t h a n  t h e  d e s i g n  v a l u e  

i n  t h e  t i p  r e g i o n  (30 and 10% s p a n ) ,  The l a t t e r  r e s u l t  may be a t t r i b u t e d  

t o  i n a b i l i t y  o f  t h e  s l o t  f low i n  the t i p  r e g i o n  t o  overcome a r a d i a l  f low 

s h i f t  toward t h e  r o o t .  It i s  p o s s i b l e  t h a t  t h e  s l o t  l o c a t i o n  i n  t h e  t i p  

r e g i o n  i s  t o o  f a r  r ea rward  f o r  maximum e f f e c t i v e n e s s .  A l s o ,  i t  i s  con- 

s i d e r e d  t h a t  t h e  s l o t  shou ld  ex tend  a l l  t h e  way t o  t h e  r o t o r  t i p  f o r  

g r e a t e r  e f f e c t i v e n e s s .  

Al though t h e  l o a d i n g  l e v e l  o f  t h e  s l o t t e d  r o t o r  was e q u a l  t o  t h e  

p r e d i c t e d  l o a d i n g  l e v e l  a t  d e s i g n  i n c i d e n c e ,  h i g h e r  l o a d i n g  l e v e l s  were 

a c h i e v e d  a t  h i g h e r  i n c i d e n c e  a n g l e s  w i t h  c o r r e s p o n d i n g  measured l o s s  co- 

e f f i c i e n t s  e q u a l  t o  t h e  p r e d i c t e d  d e s i g n  i n c i d e n c e  l o s s  c o e f f i c i e n t .  
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Th i s  s e c t i o n  c o n t a i n s  t h e  i l l u s t r a t i o n s  t h a t  have  been r e f e r e n c e d  

i n  t h e  p r e c e d i n g  s e c t i o n s .  

VII-1 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
C 
I 
I 
I 

L 

I--- - --- __ 
L-- 
-t -- - 

V I I - 2  

Pratt & Whitney Flircraft 
PWA FR-2110 

\ 

m 
4 
m 
W 
0 
rl 

r2 
Frc 

v) 
a, 
d 

E 
0 u 



I 
I 

I 
I 
I 
I 
I 
I 

Pratt  & Whitney Flircraft 
PWA FR-2110 

aJ 

i ' !  I / 

VII-3 

a 
(d 
0 
VI 
(d 
V 

3 
0 
4 
Fr 

(d 
4 

.A 

M 
G 

.rl 
U 
(d 
U 
0 
pc; 

hl 
I 

H 
H 
H 

aJ 
k 
=I 
M 

.rl 
Fr 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
C 
I 
I 
I 

Pratt & Whitney Flircraft 
PWA FR-2110 

n 
Fr 

V I I - 4  

Fr 

crl 
I 

H 
H 
H 

a, 
Ll 
7 
M 
.A 
Fr 



I 
I 
I 
I 
1 
1 
I 

Pratt & Whitney Flircraft 
PWA FR-2110 

a 
k 

U 
rn 
h 
VI 

a a 
a 

-? 
H 
H 

VII-5 



Pratt & Whitney Flircraft 
PWA FR-2110 

I 

I 
$ 

\ 

4 
u 
(d 
u 
0 
4 

-0 
C 
(d 

h 
Ll 
U 

u 
0 
4 
cn 

VII-6 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
C 
I 
I 
I 

Pratt & Whitney Flircraft 
PWA FR-2110 

A#'- 

./ 

V I I - 7  

W u < 
kl 

E 
3 
tn 
W 
E 
3 
tn 
tn 
W 
E 
pc 



I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
e 

Pratt & Whitney Flircraft 
PWA FR-2110 

TOP 

\ I \ /  

0 Wall Static Pressure 
A Traverse Wedge Probe, 20" 
A Traverse Wedge Probe, 8" 
0 Traverse Wake Probe 
Probe angular position is measured clockwise from the top. 

Figure 111-7, Instrumentation, Station 1 (View FD 18596B 
Looking Downstream) 
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0 Kiel Probe * 
0 Wall Static Pressure 
A Traverse Wedge Probe, 20" 
A Traverse Wedge Probe, 8" 
0 Traverse Hot Film Probe 
0 Kistler Probe * 

Probe angular position is measured clockwise from the top. 
*Radial location as a percent of span from tip is denoted by the 

number within the symbol 

Figure 111-8. Instrumentation, Station 2 (View FD 18595B 
Loo king Downs tr eam) 
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TOP 

0 Wall Static Pressure 
A Traverse Wedge Probe, 20" 
A Traverse Wedge Probe, 8" 
0 Traverse Wake Probe 

Probe angular position is measured clockwise from the top. 

F i g u r e  111-9. I n s t r u m e n t a t i o n ,  S t a t i o n  2A (View FD 18594B 
Looking Downstream) 
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TOP 

0 Wall Static 
ATraverse Wedge Probe, 20" 
ATraverse Wedge Probe, 8" 
0 Kiel Probe * 
0 Temperature * 

Probe angular position is measured clockwise from the top. 
*Radial location as a percent of span from tip is denoted by the 

number within the symbol 

F i g u r e  111-10. I n s t r u m e n t a t i o n ,  S t a t i o n  3 
(View Looking Downstream) 
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11111) 

Side View Front View 

F i g u r e  111-12 .  Hot  F i l m  Anemometer P robe  FD 18603 
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F i g u r e  V-7. Ro to r  Blade Element Per formance  , 100% Des ign  DF 52542 
E q u i v a l e n t  Rotor  Speed, 10% Span from Tip  
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F i g u r e  V-8. Rotor  Blade Element Per formance ,  100% Design DF 52543 
E q u i v a l e n t  Rotor  Speed, 30"/, Span from T i p  
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F i g u r e  V - 9 .  Ro to r  Blade Element Per formance ,  Design DF 52544 
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F i g u r e  V - 1 2 .  V a r i a t i o n  of Blade  Element  Pa rame te r s  With DF 52552 
I n c i d e n c e ,  S l o t t e d  R o t o r  1, lo"/, Span from T i p  
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F i g u r e  V-14. V a r i a t i o n  of  Blade Element Pa rame te r s  With DF 52554 
I n c i d e n c e ,  S l o t t e d  Rotor  1, 50"/, Span from T i p  
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F i g u r e  V-15. V a r i a t i o n  of Blade Element Parameters  With DF 52555 
I n c i d e n c e ,  S l o t t e d  Rotor  1, 7m Span from T ip  
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F i g u r e  V-16. V a r i a t i o n  of  Blade Element  Pa rame te r s  With DF 52556 
I n c i d e n c e ,  S l o t t e d  R o t o r  1, 90% Span from T i p  
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F i g u r e  V - 1 9 .  Example of One Zone S t a l l ,  Ro to r  FD 18602 
Speed 5220 Rpm, O s c i l l o g r a p h  Repro- 
d u c t i o n  
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Major Scale Division: Vertical = 30 ft/sec 

Choke 

90% Span 

10% Span 

Near Max E f ficiencv Near Stall 

90% Span 90% Span 
(From Tip) 

70% Span 70% Span 

5% Span 50% Span 

3Wo Span 30% Span 

10% Span 10% Span 

F i g u r e  V-20. Ro to r  Wake Surveys ,  50"/, Design FD 185938 
E q u i v a l e n t  Rotor  Speed 
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F i g u r e  V - 2 1 .  Rotor  Wake Surveys ,  70% Design FD 18600A 
E q u i v a l e n t  Rotor  Speed 
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Major Scale Division: Vertical = 30 ft/sec 

Choke Near Max Efficiency Near Stall 
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FD 18599A F i g u r e  V-22. Ro to r  Wake Surveys ,  90"/, Des ign  
E q u i v a l e n t  R o t o r  Speed 
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APPENDIX A 
DEFINITION OF SYMBOLS 

A .  GENERAL NOMENCLATURE 

2 Flow p a t h  a n n u l a r  area,  i n .  AA 

C 

D 

i 

M 

m 

0 

09; 

Chord l e n g t h ,  i n .  

D i f f u s i o n  f a c t o r  

I n c i d e n c e  a n g l e ,  d e g  

A b s o l u t e  Mach number 

Minimum b l a d e  p a s s a g e  g a p ,  i n .  

C r i t i c a l  b l a d e  p a s s a g e  g a p ,  i n .  

P T o t a l  p r e s s u r e  , p s i a  

S t a t i c  p r e s s u r e  , p s i a  P 

4 

R 

P r e s s u r e  e q u i v a l e n t  of  t h e  v e l o c i t y  h e a d ,  p s i a  

Reynolds  number based  on chord l e n g t h  

S B l a d e  s p a c i n g ,  i n .  

S 

t 

U 

v 

Yo 

6 

6" 

f7ad 

e 

B l a d e  s p a n ,  i n .  

B l a d e  maximum t h i c k n e s s ,  i n .  

Rotor  s p e e d ,  f t / s e c  

A b s o l u t e  v e l o c i t y ,  f t / s e c  

A c t u a l  f l o w  r a t e ,  l b  m /sec 

A b s o l u t e  a i r  a n g l e ,  d e g  

R a t i o  o f  s p e c i f i c  h e a t s  

Blade-chord a n g l e  , deg 

R a t i o  o f  t o t a l  p r e s s u r e  t o  NASA s t a n d a r d  
s e a  l eve l  p r e s s u r e  o f  2116 p s f  

D e v i a t i o n  a n g l e  , d e g  

A d i a b a t i c  e f f i c i e n c y  

R a t i o  of  t o t a l  t e m p e r a t u r e  t o  NASA s t a n d a r d  
sea level  t e m p e r a t u r e  o f  5 1 8 . 7 O R  

A- 1 
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K 

P 

(3 

dJ 

S u b s c r i p t s :  

0 

1 

2 

2A 

z 

e 

S u p e r s c r i p t s :  

1 

B .  SLOT NOMENCLATURE 

A2 

R 

R 
P 

1 r 

2 r 

t 

Pratt & Whitney Rircraft 
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Blade m e t a l  a n g l e ,  deg 

3 D e n s i t y ,  l b  / € t  

S o l i d i t y ,  C I S  

m 

Blade camber a n g l e ,  - K,, d e g  

T o t a l  p r e s s u r e  l o s s  c o e f f i c i e n t  

Guide vane i n l e t  

Rotor  i n l e t  

Rotor  e x i t ;  s t a t o r  i n l e t  

S t a t o r  e x i t  

Axia 1 component 

T a n g e n t i a  1 component 

R e l a t e d  t o  r o t o r  b l a d e  

Mass a v e r a g e  v a l u e  

2 
S l o t  t h r o a t  a rea ,  i n .  

Coanda r a d i u s ,  i n .  

P r e s s u r e  s u r f a c e  e d g e  r a d i u s ,  i n .  

S l o t  l e a d i n g  edge  r a d i u s ,  i n .  

S l o t  t r a i l i n g  edge r a d i u s ,  i n .  

Blade t h i c k n e s s  a t  i n t e r s e c t i o n  o f  s l o t  
c e n t e r l i n e  and mean camber l i n e ,  i n .  

S l o t  c a p t u r e  d i m e n s i o n ,  i n .  

S l o t  t h r o a t  d i m e n s i o n ,  i n .  

A n g l e  formed by s l o t  c e n t e r l i n e  and 
mean camber l i n e ,  d e g  

A - 2  



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 

e 

Pratt & Whitney Rircraft 
PWA FR-2110 

C .  BLADE ELEMENT TABULATION NOMENCLATURE FOR TABLE B-2 

PCT SPAN P e r c e n t  span  

D I A  Diameter, i n c h e s  

BETA Abso lu te  a i r  a n g l e  , d e g r e e s  

BETA (PR) R e l a t i v e  a i r  a n g l e ,  d e g r e e s  

V A b s o l u t e  v e l o c i t y  , f t / s e c  

vz A x i a l  component o f  v e l o c i t y ,  f t l s e c  

V-THETA T a n g e n t i a l  component o f  a b s o l u t e  
v e l o c i t y ,  f t l s e c  

v (PR) R e l a t i v e  v e l o c i t y ,  f t l s e c  

V-THETA PR T a n g e n t i a l  component of  r e l a t i v e  
v e l o c i t y ,  f t / s e c  

U Wheel s p e e d ,  f t / s e c  

M Abso lu te  Mach number 

M (PR) R e l a t i v e  Mach number 

TURN A i r  t u r n i n g  , d e g r e e s  

TURN (PR) R e l a t i v e  a i r  t u r n i n g ,  d e g r e e s  

UUBAR Loss  c o e f f i c i e n t  

DFAC D i f f u s i o n  f a c t o r  

EFFP P o l y t r o p i c  e f f i c i e n c y  

EFF A d i a b a t i c  e f f i c i e n c y  

I S C I D  I n c i d e n c e ,  d e g r e e s  

DEV Dev ia t ion  , d e g r e e s  

LOSS PARA Los s pa ramet e r 

A-  3 
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APPENDIX B 
TABULATED PERFORMANCE 

The o v e r a l l  per formance  and p e r c e n t  r o t o r  and s t a t o r  b l e e d  f l o w  rates 

f o r  e a c h  tes t  p o i n t  a r e  p r e s e n t e d  i n  t a b l e  B - 1 .  

T a b l e  B-2 p r e s e n t s  b l a d e  element  d a t a  f o r  each  t e s t  p o i n t .  D e f i n i -  

t i o n  o f  t h e  b l a d e  e l e m e n t  p a r a m e t e r s  as  t a b u l a t e d  i n  t h e  computer p r i n t o u t s  

i s  p r e s e n t e d  i n  Appendix A .  
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